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Abstract 
In this work, we study the optimization of aluminium laser-fired contacts (LFC) [1] in combination with c-Si 
passivated solar cell [2,3]. The samples consist in p-type Fz c-Si wafers with two different passivating 
configurations; both thermally-grown silicon oxide (SiO2) and plasma deposited silicon carbide (SiCx) were used as 
the passivating rear layer. Finally, a 2ȝm Aluminum layer was deposited at the front and rear surface. A nanosecond 
Nd:YAG laser operating at 532nm was used to fire the aluminum locally through the thin passivating layer. Green 
lasers offer the possibility to obtain a selective removal of the passivating layer, since the underlying silicon results 
typically less affected than when using IR radiation. Morphological and electrical analysis permitted to identify the 
optimal laser parameters to achieve good ohmic contacts and to reduce the laser-damaged area. 
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1. Introduction 
Laser technology is continually improving; systems are steadily becoming faster, more accurate and more 
reliable. The solar industry can take advantage of this progress and to put into practice the application of laser 
processing to solar cell manufacturing. Laser beam technologies and their application for solar cell processing have 
a history for at least two decades by now [4]. 
An efficient strategy for minimising recombination losses of solar cells is to reduce the metal-semiconductor 
interface area at the contacts and passivating the remaining surface area by dielectric layers. Point contacts reduce 
the influence of recombination in the heavily diffused contact regions by limiting their total area. This has 
traditionally been achieved using expensive photolithographic processing steps. Also, for obtaining low-cost and 
highly efficient solar cells, it is crucial to use a reliable technology for realising openings in passivating layers 
without damaging the underlying silicon. An example of this strategy is the rear side of PERC (Passivated Emitter 
Rear Contact) [5] solar cells where a passivation layer at the rear surface is perforated by local contact openings. 
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Sun- Power Corporation produces a commercially adapted version of the point contact design that is fabricated 
without photolithographic processes, achieving efficiencies of over 21% [6].  
Another example is the Laser Fired Contact (LFC) technique, developed at the Fraunhofer Institute for Solar 
Energy Systems [7], presents a promising way to reduce the recombination associated with the rear electrode with 
efficiencies over 20% reported on PERC structures.  
The work presented in this paper investigates the application of advanced laser processing, to improve the back 
contact of silicon solar cells, using Laser Fired Contact method with short laser pulses at 532 nm. Thus, in this 
article we report results on the morphology and electrical behaviour in laser-irradiated Al/passivating layer/c-Si 
samples. To evaluate the relevant of LFC in solar cell manufacturing, the experiments were performed in samples 
with two different types of passivating layers, Silicon Carbide and dioxide silicon. It is found that the passivating 
layer plays a critical role in the formation of ohmic contacts on semiconductors by laser irradiation. 
2. Theoretical background  
2.1.  Contact formation: LFC Concept 
New processing schemes for fabricating the rear contact pattern of the PERC-structure (Passivated Emitter and 
Rear Cell) are demonstrated [8, 9]. Solar cells are often constructed with a passivating layer (commonly SiO2, SiNx 
or SiCx) on Si structure. In the Laser-Fired Back Contact (LFC) technique a passivating dielectric layer is placed 
between the silicon and aluminium layer. An array of low energy laser pulses is used to alloy the aluminium layer to 
the bulk in localized regions in such a way that is possible to form rear point contacts. The laser pulses leave a 
locally diffused p+ region in the area of the contact, resulting in a local back surface field that repels minority 
carriers from the high recombination metal interface.  
The local diffusion of Al into the LFC, undisturbed Si bulk material is of special interest due to the p-type doping 
properties of Al in Si. As each Al-acceptor represents a negative charge the resulting electric field – so called ‘back 
surface field’ in photovoltaic – inhibits the electrons to diffuse to the rear contact. Consequently the electron–hole 
recombination loss commonly observed at metal–semiconductor interfaces is mostly suppressed yielding an 
enhanced solar cell performance compared to standard Al–Si rear contacts. The fundamental understanding of both 
structural changes within the altered surface layer as well as in-diffusion of Al into the LFC is essential for the 
technological optimization of the contact properties.  
2.2. Laser damage 
Micromachining of thin films requires a precision in depth that depends on both, the thickness of the layer to be 
ablated and on the depth of the substrate that is authorized to be damaged. The interaction of the laser beam with a 
solid target is determined by its optical and thermophysical properties. First, the absorbed energy per unit depth is 
determined by the absorption coefficient Į that is related to the optical penetration depth by lĮ= Į-1.  If we assume 
that the laser beam propagates in the z-direction, the expression of the linear absorption coefficient is [10]: 
 
λπκα 4=   (1) 
After the absorption of the laser radiation by the electrons, the energy is transferred to the lattice on nanosecond 
timescale. Thus, the laser can be considered a heat source and a one-temperature model is used to describe the heat 
regime within the target material. A rough estimation of the thickness of the heat-affected zone is given by the heat 
diffusion length lth: 
2/1)(2 lTh Dl τ≈   (2) 
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That is, the propagation distance of the heat wave, during the laser pulse duration Ĳl , in a material of thermal 
diffusivity D. The micromachining precision depends on both the optical penetration and the heat diffusion length. 
Values of thermophysical properties of interest are listed in Table 1. 
Table 1.  Density ȡ, thermal conductivity k, thermal diffusivity D, melting temperature Tmelt, evaporation temperature Tv of materials [ 12,13, 
Handbook of Optical Materials] 
 Al c-Si SiO2 SiCx 
ȡx10-3 (Kg m-3) 2.7 2.32 2.2 3.21 
Tm (K) 933 1690 1940 3102 
TV (K) 2720 1873 - - 
k  (Wm-1 K-1 ) 238 148 250 490 
D x106 (m2s-1 ) 1.03x10-4 9x10-3 9x10-3 2.2x10-4 
Į (532nm) m-1 1.43x108 0.05x108 0.8 x108 - 
 
The good localization of the temperature profile, small extension of heat affected zone (HAZ), allows accurate 
and narrow alloying even near temperature sensitive material components. With low to moderate laser-light 
intensities, the material is locally melted without significant vaporization [11]. Heat transfer calculations show that 
the limiting temperature at the centre of a Gaussian focal spot on a bulk target is [12]: 
 
k
IT επω00=   (3) 
Where I0 is the unreflected part of the incident laser intensity (Wcm-2), Ȧ0 the Gaussian beam radius, and k the 
thermal conductivity, Ȝ is the laser wavelength and İ is the emissivity. If we assume that the useful thermal effects 
are produced only when T=Tm (melting temperature), then this expression can be used to obtain an estimate of the 
surface temperature in the sample. 
The actual temperature attained by the surface will depend on the laser energy and pulse length as well as on the 
optical properties of the layer and semiconductor substrate. The time during which the surface is molten is obviously 
a function of the same parameters and is always greater than the laser pulse length. Models have been proposed by 
Wang and Baeri [13] describing the melting surface layer followed by liquid phase epitaxy. 
2.3. Laser-induced ablation 
The material removal rate is determined by: (i) measurement of diameter versus fluence, (ii) measurement of 
depth versus fluence. The first method applies a fixed number of pulses, to make holes with variable pulse energy. A 
measurement of the hole diameters allows a determination of both the threshold fluence and the laser spot size, since 
for a spatially Gaussian laser beam, the square of the diameter of the generated hole, D, is proportional to the 
logarithm of the laser fluence[14, 15]. 
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   Where Ɏth is the threshold fluence for ablation. Note that in this expression, Ɏ0 is the peak fluence of the laser 
beam, which is related to the pulse energy and spot size as: 
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Another way to measure the threshold fluence is to assess the ablated depth per pulse as a function of fluence and 
extrapolate to zero depth. The ablation depth per pulse can be described by the well-known logarithmic law[15]:  
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Therefore, all of this crucial parameter, ablation thresholds, penetration depths and surface temperature, are deduced 
as functions of laser parameters. 
3. Experimental 
 Samples are based in p-type doped silicon wafers (resistivity 0.45 ȍcm, thickness 298 ȝm), Both thermally-
grown silicon oxide (SiO2) and plasma deposited silicon carbide (SiCx) are used as the passivating rear layer, the 
dielectric layers used for either passivation or anti-reflection purposes, have a thickness of 80nm. Finally a 2ȝm 
thick aluminium layer is evaporated by e-beam on the back side of the cells. This process sequence was realized by 
the UPC (Universitat Politècnica de Catalunya).  
The equipment consist in a nanosecond Nd:YAG (Spectra Physics Model Navigator X15SC-532Q) laser, 
operating at 532 nm with short pulse durations (Ĳ pulse = 20 ns). The repetition frequency PRF has been fixed in 20 
KHz. The laser light is directed through a galvanometric Scanner with lens of focal length 250 mm onto the sample 
under investigation. The laser is focused slightly above the surface to provide a laser spot size of radius on the 
sample of 25ȝm. The number of pulses striking the target is controlled by means of an electro-mechanical shutter. 
The laser power is adjustable via the pulse repetition rate and the control current of the diode which are pumping the 
laser medium. The beam passes through a pinhole of 3 mm in diameter in order to achieve a more circular spot.  
 
 
 
Fig. 1. Sketch of a laser scanner head for micro machining. Inset: expanded view illustrating the sample structure. The laser beam can quickly be 
positioned to every point on the wafer surface by two rotatable mirrors. The contact pattern (dots) is laser-fired and melting the aluminium locally 
through the dielectric passivation 
In the LFC process the contact is formed in atmosphere by a Nd:YAG-laser, within a diameter of 50ȝm laser 
ablation removes most of the Al-metallization and the dielectric pasivating layer. 
Morphological characterization was performed by using a Scanning Electron Microscopy (SEM) Hitachi S-
3000N, and in-depth profile of holes was made using a white light optical Confocal Leica DCM3D.  
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In order to get additional inside into the structural properties, Energy Dispersive X-ray (EDX) mapping was 
carried out. EDX technique gives an excellent overview over the organization of microstructures in terms of both 
chemistry and morphology.  
To conclude, all data has been discussed to bring to light the best laser conditions to obtain good ohmic contacts 
while minimizing the energy and the created damage. 
4. Results and Discussion  
4.1. Morphological analysis 
Micromachining of Al, for both SiCx and SiO2 passivating layer was studied. Ablation depths per pulse are 
deduced for nanosecond laser pulse durations with a wavelength of 532nm. Ablation thresholds were measured for 
2, 5, 10, 20 and 100 incident laser shots for fluences in the range of 0.6 J/cm2 to 10J/cm2. In order to get accurate 
measurements of crater depths and diameters, a total of 3 holes were produced at each value of laser fluence and 
shot number. 
The ablation study has been determined by SEM observations of the laser-produced craters, typical craters 
obtained with nanosecond laser pulses are shown in figure 2. It is shown that the residues with aspect of frozen 
droplets remain on the metal surface; this feature is a signature of the strong thermal character of the laser 
irradiation.  
 
 
 
Fig. 2. SEM pictures and Confocal profiles of LFC in samples at (a, b, c y d) Craters in Al:SiO2; (a’, b’, c’ y d’) down picture craters in Al:SiCx 
craters (a”, b”, c” y d”) Confocal in depth profile comparative for both sample configurations, with different  laser power 2.75,1.13,0.8 y 0.4W 
From SEM inspection, reported in Figure 2, it is evident that higher power value corresponds to a crater and a 
deeper hole formation , while lower power value leaves the superficial morphology less  modified  and reduces the 
laser induced damages into the crystalline Si bulk. Table 2 shows measurements of diameters squared for Al surface 
with a fit to Equation (5).  
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Table 2. Results obtained for the radius of the beam, the pulse energy threshold and the fluence threshold for different number of shots for both 
samples Al:SiCx:c-Si and Al:SiO2:c-Si 
Number of  pulses ɎTH(SiCx) (J/cm2) 
(± 0.2) 
Ȧo(1/e2) (ȝm) 
(± 2) 
ɎTH(SiO2) (J/cm2) 
(± 0.2) 
Ȧo(1/e2) (ȝm) 
(± 2) 
2 1.17 23.4 0.62 27,4 
5 1.12 28.5 0.56 24,6 
10 1.04 25 0.5 24,3 
20 1.03 25.3 0.47 25,3 
50 1.03 28 0.46 26,3 
100 1 26.3 0.3 24 
 
As it can be seen in the Table 2 the fluence threshold of Al:SiO2 is smaller than Al:SiCx. A possible explanation 
is that light of 532nm is totally absorbed in SiO2 but only weakly absorbed in SiCx . Furthermore, the molten 
temperature for Silicon Carbide (3102 K) is much higher than silicon oxide (1940 K ). Thus the ablation of samples 
with passivating layers SiCx is more selective [16]. 
A heat penetration length for Al (lth =2.65ȝm) and for c-Si (lth = 0.27ȝm) was obtained using the equation (2) and 
the thermophysical properties from table 1. Obviously this value is lower that the experimental crater depth, but we 
have to take into account the thickness of passivating films is about 80 nm. Therefore, the laser energy should be 
ideally absorbed within this thin material for effective utilization of the laser output power. 
  
Fig. 3. Graphics displays (a) Ablation depth as a function of laser fluence, (b) fluence threshold and (c) Variation of laser fluence versus number 
of laser shots, for nanosecond  laser  irradiation at 532nm and 20KHz of frequency 
There is considerable evidence that the laser melts a surface layer of the semiconductor, SEM image in Figure 4 
(a) shows a typical melting texture. A possible explanation for the contact formation is that the power of the laser is 
absorbed in the silicon very close under the surface, the silicon is molten and the passivating layer is lifted off 
during the expansion, on solidication, regrowth is epitaxial. Similar results were obtained by Platakis [17] for the 
contact formation in CMOS devices.  
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Fig. 4. Figure (a) SEM image of a point contact on Al: SiO2:Si layers, created by means of two shots 3W  pulsed laser , (b) EDX element 
composition mapping in which  green color correspond with presence of Si and red color is assigned to the presence of Al (c) Process scheme for 
the LFC 
Figure 4 (b) shows an EDX mapping of a transverse profile contact. This technique has the highly valuable 
advantage of an image giving method to provide chemical and morphological information, from mapping 
measurement no evidence of Al concentration inside the hole. Thus, it is believed that the contact formation is in the 
border of the crater. 
Figure 4 (c) shows the development contacts on Al:SiO2:Si layers as produced by pulses from a 2ȦYAG laser. 
The Al layer on passivated c-Si wafer is heated with two or more laser pulse. This causes Al to penetrate and make 
contact with the p material on the substrate. The final electrical contact to the Al layers occurs when molten Si flows 
from the Si wafer to coat the inside hole [18].Once the melted area has cooled an Al/Si alloy is formed. This 
situation may be beneficial to the local BSF formation due to the high Al atoms concentration in the contacted zone.  
During a solid state structural change resulting from a thermodynamic transformation, the laser beam is required 
to heat material at a given temperature, hence, that implies that temperature must reach the Aluminium melting 
temperature Tm (933 K). A rough estimation of the surface temperature reaches with the laser at 3W yield to a value 
§ 1000ºK (using equation (3) and data of Table 1). Al layer absorption of laser radiation raises the temperature in the 
proximity of the Al/Si interface, below the silicon fusion temperature (1415 °C), the high temperature reached in the 
silicon in contact with the aluminium increases both diffusivity and solubility of aluminium in the silicon. Because 
of the high energy and short duration of the laser heating, the process refers to non equilibrium diffusion [19]. 
5. Conclusions 
The work presented in this paper probe the application of advanced laser processing to improve the electrical rear 
contact in PERC solar cells. Structural and electrical characterization of laser Fired using 2ȦYAG laser have been 
performed, electrical results indicate a good contact characteristic when laser fluences were between 11 and 15 
J/cm2 lead to satisfactory contact resistance values. 
It is found that the passivating layer plays a critical role in the formation of ohmic contacts on semiconductors by 
laser irradiation; best results have obtained with SiO2 passivating layer. Morphological results show that the 
substrate temperature strongly influences the film properties. Although Si–Al bonds are not observed, rather 
investigation, including dopant concentration as a function of depth, composition and microstructural analysis,   
during LFC, should be considered to fully understand these results. 
The development of new laser processes to simplify contact formation demonstrates the versatility and 
applicability of laser processes to different aspects of cell fabrication.  
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